We Need New Antifungal Drugs {#s1}
============================

Invasive fungal infections are devastating. Despite state-of-the-art antifungal therapy, the mortality rates for invasive infections with the three most common species of human fungal pathogens are *Candida albicans*, 20%--40% [@ppat.1002870-Lai1]; *Aspergillus fumigatus*, 50%--90% [@ppat.1002870-Lai1]; and *Cryptococcus neoformans*, 20%--70% [@ppat.1002870-Park1]. Although invasive fungal infections can affect people with intact immune systems, the vast majority of disease occurs in the setting of an immunocompromised host. As discussed recently, the dismal outcomes for invasive fungal infections cannot be completely attributed to a lack of efficacious antifungal drugs [@ppat.1002870-Brown1]. However, because most patients with invasive fungal infections are immunocompromised, the immune system cannot effectively assist in the clearance of the infection, and consequently, the success of treatment is more dependent on the efficacy of the antifungal agent than in the setting of an immunocompetent host. Unfortunately, our repertoire of antifungal agents is limited, particularly in comparison to the number of agents available for bacterial infections. In fact, it took 30 years for the newest class of antifungal drugs, the echinocandins, to progress from bench-to-beside ([Figure 1A](#ppat-1002870-g001){ref-type="fig"}). Furthermore, it is sobering to consider that the gold standard therapy for cryptococcal meningitis, a disease that kills more than 650,000 per year world-wide [@ppat.1002870-Park1], is based on medications (amphotericin B and flucytosine) that were discovered nearly 50 years ago.

![Antifungal drug development timeline.\
(A) Timeline of selected milestones in antifungal drug development. (B--G) Chemical structure, name, clinical use, and putative molecular target of antifungal drugs and small molecules discussed in the text.](ppat.1002870.g001){#ppat-1002870-g001}

New Tricks for Old Dogs: Repurposing {#s2}
====================================

Recently, the concept of "re-purposing"-established medications to treat new diseases has emerged as an approach to expediting drug development in general. The toxicology and pharmacology of such compounds are established and, thus, a drug with a useful new indication could be rapidly translated to clinical use. While the antifungal activity of many "non-antifungal" drugs has been recognized for decades, interest has increased in exploring the therapeutic potential of such drugs both as single agents and as adjunctive agents in combination with established antifungal drugs.

A pioneering example of antifungal re-purposing comes from work in the Heitman lab demonstrating that clinically used calcineurin and [t]{.ul}arget [o]{.ul}f [r]{.ul}apamycin (TOR) inhibitors have antifungal activity and synergize with fluconazole [@ppat.1002870-Blankenship1]. More recently, the Cowen and Lindquist laboratories have shown that Hsp90 inhibitors such as the geldenamycin derivative 17-AAG ([Figure 1B](#ppat-1002870-g001){ref-type="fig"}), developed as potential anti-cancer drugs, dramatically improve the activity of fluconazole both in vitro and in a *Galleria mellonella* model of systemic candidiasis [@ppat.1002870-Cowen1]. Finally, Zhai et al. have recently reported that the combination of the anti-depressant sertraline ([Figure 1C](#ppat-1002870-g001){ref-type="fig"}), which appears to target translation in yeast, with fluconazole decreases fungal brain burden relative to fluconazole monotherapy in a mouse model of cryptococcosis [@ppat.1002870-Zhai1].

Recently, a number of groups have screened libraries of off-patent medications for agents with antifungal activity. For example, Breger et al. identified 15 compounds that prolonged survival of *C. elegans* worms infected with *C. albicans* and showed that enoxacin, a fluorquinolone antibiotic, was effective in a mouse model of disseminated candidiasis [@ppat.1002870-Breger1]. Recently, Spitzer et al. identified 148 compounds that improved the in vitro activity of fluconazole by screening a similar library against *S. cerevisiae*, *C. albicans*, *C. neoformans*, and *C. gattii* in the presence of sub-inhibitory fluconazole [@ppat.1002870-Spitzer1]. Although no "off-the-shelf" antifungal drugs have emerged from "repurposing" studies, the antifungal scaffolds with known pharmacological properties could serve as useful lead compounds for further development.

New Ways of Looking: Novel Antifungal Screening Strategies {#s3}
==========================================================

Natural products are the basis for the vast majority of anti-infective therapies in current clinical use. For example, polyenes and echinocandins, two key classes of antifungal drugs, are natural product derivatives. A challenge facing natural product-based screening is that campaigns continue to rediscover previously known molecules from new natural product collections [@ppat.1002870-Roemer1]. One reason for this phenomenon is that the libraries are typically screened using the same assay: a traditional growth-based assay. Two emerging approaches to improving the success of antifungal screening are (1) chemical genetic-based screens in which mutants of pathogenic fungi are used to increase the sensitivity and specificity of growth-based assays relative to wild-type pathogens and (2) application of non-growth-based assays with increased sensitivity and/or specificity [@ppat.1002870-Tebbets1], [@ppat.1002870-Krysan1]. The former approach, the subject of an excellent recent review [@ppat.1002870-Roemer1], has been highly successful in both the academic and industrial setting.

As an alternative to growth-based antifungal assays, our laboratory developed a high throughput assay that directly detects molecules that kill yeast cells using the release of the intracellular enzyme adenylate kinase (AK) as a reporter of cell lysis in *S. cerevisiae*, *Candida spp*., and *C. neoformans* [@ppat.1002870-Krysan1]. Intracellular AK is released into the culture media when cellular integrity is disrupted and is then detected by a coupled reaction leading to luciferase-generated luminescence. The AK assay is specific for fungicidal molecules, giving no signal in the presence of a fungistatic agent such as fluconazole. In addition, the AK assay is more sensitive than growth-based assays and detects the activity of echinocandins such as caspofungin at concentrations 10-fold below the growth-based assay. This feature is particularly attractive for screening natural products libraries for low abundance molecules.

Using this assay, we screened libraries of off-patent drugs and identified 75 agents with fungilytic activity toward yeast, including the estrogen receptor antagonist tamoxifen ([Figure 1D](#ppat-1002870-g001){ref-type="fig"}). The in vitro antifungal activity of tamoxifen was first reported in 1989 by Wiseman et al. but was not explored further [@ppat.1002870-Wiseman1]. Further work in our lab demonstrated that tamoxifen treatment decreases kidney fungal burden in a mouse model of candidiasis and provided evidence that at least part of its anti-fungal activity is due to inhibition of calmodulin [@ppat.1002870-Dolan1]. The success of the chemical genetics approaches as well as the AK assay suggests that the application of creative new assay technologies to anti-infective discovery may allow the identification of new molecular scaffolds that went undetected by traditional, growth-based screening.

New Fungal Cell Wall--Targeted Molecular Scaffolds {#s4}
==================================================

In recent years, one of the groups most active in antifungal drug discovery has been Merck. As summarized in an excellent recent review [@ppat.1002870-Roemer1], Merck researchers identified a number of novel antifungal molecules and, importantly, characterized their cellular targets. An attractive antifungal drug target is the fungal cell wall because the structure is absent from host cells and, thus, molecules that inhibit its synthesis are likely to have low human toxicity. Although the bacterial cell wall is the target of a number of archetypal antibiotics (e.g., penicillin), only one class of antifungal drugs, the echinocandins, targets the fungal cell wall. Encouragingly, a number of new chemical scaffolds targeting the fungal cell wall have been reported in recent years. Indeed, Merck has reported a class of orally active inhibitors of β-1,3-glucan synthase [@ppat.1002870-Walker1], the same target as the intravenously administered echinocandins; the advantages of orally active drugs include better patient compliance, lower costs, and improved patient safety.

β-1,6-glucan is another crucial component of the fungal cell wall, and recently inhibitors of it synthesis ([Figure 1E](#ppat-1002870-g001){ref-type="fig"}) have been reported to have in vitro activity against a range of *Candida* spp [@ppat.1002870-Kitamura1]. Like the β-1,3-glucan synthesis inhibitors reported to date, the β-1,6-glucan synthesis inhibitors have little or no in vitro activity against *C. neoformans*. In contrast, E1210 ([Figure 1F](#ppat-1002870-g001){ref-type="fig"}), a novel, orally active isoxazole-based inhibitor of glycosylphosphatidylinositol (GPI)-linked protein biosynthesis, does have good activity against *C. neoformans* as well as a wide range of medically relevant yeasts and molds [@ppat.1002870-Miyazaki1], [@ppat.1002870-Hata1]. Quite recently, a second chemotype of GPI-protein biosynthesis inhibitor has been identified [@ppat.1002870-McLellan1]; interestingly, this molecule increases the immunogenicity of *C. albicans*, possibly by disrupting the mannoprotein outer layer of the cell wall and unmasking the more immunogenic inner β-glucan layer. GPI-linked mannoproteins are crucial components of the fungal cell wall, and identification of molecules that inhibit their production is an exciting development.

Finally, our laboratory used the AK assay in a screen of mechanistically distinct protein kinase inhibitors designed to identify fungilytic inhibitors of the cell wall integrity kinase signaling cascade, a stress response pathway conserved across pathogenic fungi. From this screen and subsequent structure-activity studies, we discovered that two distinct structural classes of human phosphoinositide-dependent kinase 1 (PDK1) inhibitors have potent antifungal activity and disrupt cell wall signaling [@ppat.1002870-Baxter1]. hPDK1 is an important anti-cancer target because its inhibitors are well tolerated by normal mammalian cells and PDK1 inhibitors such as OSU-0312 ([Figure 1G](#ppat-1002870-g001){ref-type="fig"}) have advanced to early phase clinical trials.

Perspective {#s5}
===========

An interesting theme shared by the new antifungal targets described above is that many target proteins with orthologs in human cells. Since the targets of most current antifungal drugs are unique to fungi, this represents a significant conceptual evolution that seeks to exploit the sometimes subtle differences in protein structure between host and pathogen to identify molecules with selectivity for the fungal protein and, thereby, acceptable toxicity toward the host. The viability of this approach is due to powerful recent advances in structural biology and medicinal chemistry. Finally, it is important to emphasize that new developments in drug discovery should not replace older approaches but be additive and, thus, be used to expand the tool box of methods available for application to an increasingly important research problem.
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